With the increasing environmental awareness, apparel manufacturers have begun to consider environmental issues in supplier evaluation and selection. It is crucial to assess suppliers based on their environmental performance along with other criteria for supplier selection. This paper addresses the green supplier evaluation and selection problem in global apparel manufacturing by developing a methodological framework for green supplier evaluation and selection based on the triple bottom line principle and a fuzzy multi-criteria decision-making (MCDM) model. First, a green supplier evaluation criteria hierarchy based on the triple bottom line principle is established based on comprehensive literature review, on-site investigation and policy analysis. Then, a fuzzy MCDM model is presented to evaluate and select the best material supplier. Finally, a sensitivity analysis is conducted to verify the effectiveness of the proposed framework. Results show that the proposed framework can handle green supplier evaluation and selection in apparel manufacturing effectively.
Introduction
Today's apparel supply chain is characterized by short product life cycles, volatile and unpredictable customer demands, tremendous product varieties, and long supply processes [1] . The global apparel enterprises must keep on looking for ways to improve the operations' performance and the market competitiveness in a sustainable and effective manner.
Supplier evaluation and selection is critical for manufacturing firms since its performance determines the quality of the procurement, and ultimately affect the firm's operations performance and market competitiveness [2] . Supplier selection and management could be used to increase the competitiveness of the entire supply chain [3] . Recently, due to the governmental legislation and an increased awareness of environmental responsibility, global apparel manufacturing firms have begun to consider environmental issues in their supply chain operations [4, 5] .
Research on green supplier evaluation and selection has attracted more and more attention from academic and industrial sectors [6, 7] . Some researchers developed the framework to measure the environmental performance of suppliers [8] . But there is still a lack of a comprehensive methodology with strong practicability to evaluate and select the green supplier. Various techniques are used to evaluate and to select suppliers, such as analytical hierarchy process (AHP), analytic network process (ANP), data envelopment analysis (DEA) and so on. However, these approaches can only get the results, but not analyze the supplier [9, 10] . Moreover, these approaches are not practical in industrial practice because of their high computational complexity.
Triple Bottom Line Principle for Performance Evaluation
The triple bottom line principle emerged was proposed as a practical tool for performance evaluation of sustainability, and it has been harnessed in many fields [23] , such as nonprofits, governments, community and businesses [24, 25] . Hubbard [23] proposed a TBL-based, sustainable balanced scorecard conceptual framework for evaluating organizational performance. Some nonprofit organizations have employed the TBL principle to evaluate their sustainable performance, and especially more and more state, regional and local governments pay attention to the TBL framework and have applied it into policy making [25, 26] . Rogers and Ryan [27] proposed a sustainable Sustainability 2017, 9, 650 3 of 13 community development framework based on the TBL principle for enhancing community wellbeing, facilitating economic vitality and weakening environmental impact. Today's enterprises get to pay close attention to the environmental sustainability due to cap-and-trade regulation [28, 29] . Therefore, some performance evaluation frameworks for enterprise based on TBL theory have been proposed. For example, Govindan et al. [2] proposed a fuzzy multi criteria approach according to TBL theory for sustainable supplier selection. Nikolaou et al. [30] proposed a reverse logistics social responsibility evaluation framework based on the TBL approach. Sarkis and Dhavale [31] combined the TBL approach and business operations and proposed a framework for evaluating and selecting sustainable suppliers. However, the adoption of the TBL principle in apparel manufacturing has not been reported so far although the apparel industry has hugely negative influences on global environment [32] [33] [34] . Therefore, it is essential for apparel manufacturing to evaluate and select green supplier based on the effective TBL principle.
Green Supplier Selection Approaches
Supplier selection is a complex MCDM problem because there may be conflicts between qualitative and quantitative criteria. Extensive MCDM approaches have been proposed to deal with the supplier selection problem, such as the analytical hierarchy process [14, 16] , analytic network process [35, 36] , mathematical programming [37, 38] , data Envelopment Analysis [39, 40] , elimination and choice expressing reality (ELECTRE) [41, 42] , technique for order performance by similarity to ideal solution (TOPSIS) [43, 44] , fuzzy set theory [45] , and their hybrids [15, 16, 19, 43, 46] and so on.
Handfield et al. [47] used AHP approach to evaluate the relative importance of various environmental traits and to access the relative performance of several suppliers along these traits. Levary [48] applied the AHP approach to rank foreign suppliers based on supply risks. Amid et al. [49] proposed a weighted max-min model based AHP for green supplier selection. Hsu and Hu [50, 51] used ANP to select green supplier and applied it in hazardous substance management in electronic industry. Wu and Blackhurst [39] used the DEA approach to assess the performance of green supplier. Kumar et al. [52] proposed a comprehensive approach based on DEA with carbon footprint monitoring, so called Green DEA for supplier selection. Ng [37] developed weighted linear programming (LP) model to deal with the green supplier selection problem. Che [53] proposed a genetic algorithm-based (GA) model to solve multi-period supplier selection problem. Chiou et al. [54] used confirmatory factory analysis to measure the influence of greening the suppliers and green innovation on environmental performance. Feyzioglu and Buyukozkan [55] applied choquet integral approach evaluate green suppliers considering decision criteria dependencies. Large and Thomsen [56] used structural equation model to select green supplier mainly considered environmental criteria.
Many researchers combined multiple methods to evaluate green supplier. Wang et al. [57] used AHP and TOPSIS under fuzzy situation for supplier selection. Yan [58] introduced GA combined with current weights obtained by AHP of supplier to dynamically adjust weights. Kuo and Lin [19] proposed a model of DEA and ANP considering the interdependency between criteria to conduct the supplier selection based on environmental criteria. Kannan et al. [59] integrated fuzzy multi attribute utility theory and AHP, TOPSIS and MOLP for ranking green suppliers and then allocating the optimum order quantities among them. Govindan et al. [2] structurally reviewed green supplier selection papers published from 1996 to 2011 and concluded that the most frequently used technique is AHP (27.78%), followed by ANP (16.6%), DEA (11.1%), LP (8.76%), TOPSIS (5.56%), and multi-objective optimization (2.77%).
However, these widely-used MCDM approaches, described above, focused on the selection of the best supplier but did not analyze the criteria of alternative suppliers or failure causes.
This paper proposed a fuzzy MCDM model, which has the capability of both analyzing the criteria of alternative suppliers or failure causes and selecting the best supplier. However, seldom research has reported the use of FAD for supplier selection. The FAD approach has been applied to handling various decision making problems, such as selection of transportation companies [11] , Sustainability 2017, 9, 650 4 of 13 ranking of intercity bus passenger seats [60] , choice of the most appropriate technology [61] , selection the best alternatives among shipyards [62] , selection of logistics tool [63] , However, there are only a few applications of FAD in supply chain management [64] .
This research thus develops a methodological framework for green supplier evaluation and selection based on the triple bottom line principle and a FAD-based fuzzy multi-criteria decision-making (MCDM) model. The main contribution of this paper is to propose a methodological framework for green supplier evaluation and selection, in which a TBL-based green supplier evaluation criteria hierarchy is developed for evaluating green suppliers and a fuzzy MCDM model is presented to select the best green suppliers in global apparel manufacturing.
The rest of the paper is organized as follows. The proposed methodological framework for green supplier evaluation and selection is presented in Section 2. Section 3 gives the evaluation criteria and defines each criterion. Section 4 presents the fuzzy MCDM model. A case study is conducted to evaluate the effectiveness of proposed framework in Section 5. Section 6 gives conclusions and future research directions.
Methodological Framework for Green Supplier Evaluation and Selection
The proposed framework for green supplier evaluation and selection is illustrated in Figure 1 and it mainly consists of three stages. First, the green supplier selection criteria are identified from the comprehensive literature review, on-site investigation and the policy analysis according to the triple bottom line principle. Various realistic features in supplier selection of global apparel manufacturing are considered. Second, the validity of green supplier selection criteria is assessed by senior purchasing experts with rich industry experience, and then we further modify the green supplier selection criteria until the validity of criteria is satisfactory according to the feedbacks of experts. Then the experts evaluate alternative suppliers through linguistic terms. The best alternative is selected via the fuzzy multi-criteria decision-making model, which is mainly made up of four procedures, including transformation of experts' grading determining functional requirements, calculating information contents and evaluating and selecting the best alternatives. These procedures of the fuzzy multi-criteria decision-making model will be introduced in Section 4 in detail. 
Green Supplier Evaluation Criteria in Apparel Manufacturing
The traditional evaluation criteria of supplier selection were constructed generally from cost, quality, and service perspectives. In the literature, most criteria have not taken into account some important indicators of supplier evaluation, such as the carbon emissions in production and transportation operations, and transportation costs [7, 10, 21] . Moreover, these indicators have not been defined clearly in the literature. This section attempts to construct a comprehensive system of 
The traditional evaluation criteria of supplier selection were constructed generally from cost, quality, and service perspectives. In the literature, most criteria have not taken into account some important indicators of supplier evaluation, such as the carbon emissions in production and transportation operations, and transportation costs [7, 10, 21] . Moreover, these indicators have not been defined clearly in the literature. This section attempts to construct a comprehensive system of green supplier evaluation criteria in global apparel manufacturing with clear definitions. Considering the characteristics of the low carbon economy and the global apparel supply chain, we establish a green supplier evaluation criteria hierarchy with 6 main criteria and 10 sub-criteria based on the TBL principle, which is shown in Table 1 . The six categories criteria include quality C 1 , cost C 2 , delivery C 3 , technology C 4 , service C 5 , and environmental competency C 6 , which involves economic, social and environmental perspectives. The economic indicators include quality, cost, delivery, and technology criteria. The service criterion belongs to the social indicator. The environmental competency criteria belong to the environmental indicator. 
Fuzzy MCDM Model for Green Supplier Selection
In reality, many indicators cannot be assessed in a quantitative way, which makes decision makers have to face uncertain and fuzzy information. This paper adopts a fuzzy multi-criteria decision-making (MCDM) model based on fuzzy axiomatic design (AD) technique [65, 66] to evaluate the performance of alternative suppliers and select the best green supplier for apparel manufacturing. The fuzzy MCDM model is described briefly as follows.
The first step is to transform experts' opinion into triangular fuzzy numbers (TFNs). As shown in Table 1 Experts were required to provide their grades for each criterion as a precise numerical value between 0 and 10 (e.g., 5, 6, etc.), a possible range of numerical value between [0, 10] (e.g., 5-6, 7-9), or a linguistic term (e.g., very low, medium, very good, etc.). The individual TFNs are then aggregated into group TFNs according to Equation (1):
where N is the number of experts, W ij is the ratings of alternatives and i and j denote material supplier i and criterion j, respectively. The second step is to determine functional requirements (FRs) which are the minimal sets of independent requirements. The third step is used to calculate information content for each material supplier. The fourth step is to select the best alternative material supplier which has the minimal total information content value (I). The smaller values of information contents show that the supplier has the better performance with respect to the criterion.
Case Study
In this section, we applied the proposed framework to a case company for green supplier selection.
Case Company
An apparel manufacturer headquartered in Hong Kong is chosen as the case company, which produces sportswear for many well-known apparel brands all around the world. This company has many plants located in Mainland China and Southeast Asia and purchases raw material worldwide. The case company has a strong incentive to reduce carbon emissions and pollution, which is working on a new project to develop new green products. There are four alternative suppliers located globally. An expert group consisting of three people from the case company is responsible for the green supplier evaluation and selection.
Application of Fuzzy MCDM Model
The evaluation process of the green supplier selection employing the fuzzy MCDM model described in Section 4 was presented as follows.
Step 1. Experts give evaluations for each supplier respect to each criteria by using the linguistic term. Table 2 shows the linguistic assessment of the criteria.
Step 2. After obtaining the linguistic assessments of criteria for each supplier from the experts, this step is to convert them into triangular fuzzy numbers. The evaluation of cost-based criteria is transformed by inverse scoring, which means that if a cost criterion rates very low (VL), it is scored as if it were very high (VH). In the green evaluation criteria proposed. Cost-based criteria include Product cost (C 21 ), Transportation costs (C 22 ), Emission (C 23 ), Lead time (C 31 ), Pollution production (C 62 ) and Resource consumption (C 63 ). 
Step 3. Calculating the aggregations of the obtained scores according to Equation (1), the aggregation of experts' assessments for supplier 1 was shown in Table 3 . For example, the aggregation of "Emission (C 23 )" under "Cost (C 2 )" for supplier 1 is calculated as follows: Step 4. This paper give the definition of functional requirements for each criterion in Figure 2 , by combined with the views of the company experts who contribute to the green supplier selection based on the literature. The alternatives must be at least very good (AVG) with respect to the criteria Quality (C 1 ), Product cost (C 21 ), Transportation costs (C 22 ) and Emission (C 23 ). Moreover, they must satisfy Lead time (C 31 ), Order fulfillment rate (C 32 ), Environmental management system (C 61 ), Pollution production (C 62 ) and Resource consumption (C 63 ) at level of at least 7 and the rest criterion must at level of at least good.
by Step 5. As mentioned above, the information content values are computed based on decisionmaking algorithm with fuzzy information axioms. To illustrate this algorithm, a sample calculation is provided for supplier 1 with respect to the Emission (C 23 ) criterion was shown in Figure 3 . Step 5. As mentioned above, the information content values are computed based on decision-making algorithm with fuzzy information axioms. To illustrate this algorithm, a sample calculation is provided for supplier 1 with respect to the Emission (C 23 ) criterion was shown in Figure 3 .
Step Step 5. As mentioned above, the information content values are computed based on decisionmaking algorithm with fuzzy information axioms. To illustrate this algorithm, a sample calculation is provided for supplier 1 with respect to the Emission (C 23 ) criterion was shown in Figure 3 . Table 4 gives the intersecting points of system range and functional requirement. The common area and system area are calculated from the graph by the area calculation method. 
Results
The total information content values for each green supplier alternative with respect to the assessments of experts are shown in Table 5 . Rows 3-14 show the information content values respects to each criterion, the last row show the total information content values of each supplier. The 3th column presents the FR respects to each criterion, which represents the requirements of decision makers. According to the findings, supplier 2 is selected as the most appropriate green supplier for the case company with respect to the predetermined FRs. Supplier 1 and supplier 3 are eliminated since they don't satisfy all criteria. Supplier 1 is eliminated with respect to the criteria Transportation costs (C 22 ), Environmental management system (C 61 ), Pollution production (C 62 ) and Resource consumption (C 63 ). Supplier 3 is eliminated with respect to the criteria Product cost (C 21 ), Transportation costs (C 22 ), Service (C 5 ) and Resource consumption (C 63 ). Supplier 4 satisfies all the criteria but the information content value is higher than that provided by supplier 2. Therefore, supplier 2 is selected. The proposed framework can not only select the best green supplier, but also help to analyze the suppliers who do not satisfy the case company's requirements. For instance, whereas suppliers 1, 3 and 4 failed to be selected, they were best in some criteria. Supplier 1 is best in criteria Lead time (C 31 ) and Service (C 5 ); Supplier 3 is best in Technology level (C 41 ) and Pollution production (C 62 ); Supplier 4 did best in Quality (C 1 ), Environmental management system (C 61 ) and Resource consumption (C 63 ), but did worst in Emission (C 23 ). On the basis of the results described above, the decision maker can give suggestions to the suppliers who do not satisfy the required criteria on how to improve their performances.
Sensitivity Analysis of FRs Range
As mentioned above, the design range was obtained based on the knowledge and experience of researchers and practitioners. It is unclear how sensitive the overall decision is to small changes in the design range. Hence, this paper conducts the sensitivity analysis to see the importance of design range (FRs range) in evaluating the performance of suppliers. The FRs ranges for benefit criteria and cost criteria are set to 3 levels respectively, and 9 experiments are conducted based on the combinations of 3 benefit criteria and 3 cost criteria. Table 6 presents the experimental results for sensitivity analysis under the 9 different combinations, in which benefit criteria include C 1 , C 32 , C 41 , C 42 , C 5 , C 61 , and cost criteria include C 21 , C 22 , C 23 , C 31 , C 62 , and C 63 .
In the sensitivity analysis experiments, the FRs range for benefit criteria and cost criteria are set to (7.5,10,10), (5, 10, 10) , (3, 10, 10) , respectively. When the benefit criteria are set in the range (5,10,10) and the cost criteria are taken for all the sets mentioned above, supplier 2 is the best alternative in the cost criteria range of (5,10,10) and (3, 10, 10) . When the benefit criteria are set in the range (4,10,10) against the cost criteria for all 4 ranges, again supplier 2 has the minimum information content value. From the result of sensitivity analysis, it can be seen from Table 6 that by changing the design range, even though the information content is changed, supplier 2 is the best alternative. Out of 9 experiments, supplier 2 has the lowest information content in five experiments, and it shows the decision making process is unaffected by the criteria weights of FRs (design range). The fuzzy MCDM method presented is robust and effective for supplier selection. 
Conclusions
This paper presented a systematic hierarchy of green supplier evaluation criteria for apparel manufacturing based on the TBL principle. The definitions of these criteria have been given on the basis of expert interview, investigation and comprehensive literature review. A methodological framework for green supplier evaluation and selection is proposed based on the hierarchy to evaluate the performance of suppliers. And this framework is applied to the supplier selection of a Hong Kong-based apparel manufacturer to validate its effectiveness. The proposed framework was successful in selecting the most suitable green supplier and helping decision makers to analyze the suppliers who did not satisfy the case company's requirements. A sensitivity analysis of FRs range was conducted to verify the framework effectiveness. The framework is easy to use despite the vagueness of experts' opinions in the evaluation process. Future research could compare the performances of the proposed framework with other MCDM methods.
